both injections, by means of the Heroin Craving Questionnaire. Results: Compared to saline, DAM administration induced a significant decrease in plasma ACTH (p ! 0.01), serum cortisol (p ! 0.0001) and saliva cortisol (p ! 0.01), as well as in craving (p ! 0.0001), over time. Conclusion: Since acute DAM administration suppresses the stress response, DAMassisted treatment may be an effective alternative to methadone maintenance in stress-sensitive heroin-dependent patients.
Opioid dependence is a chronic relapsing brain disorder characterized by compulsive seeking and use of opioids despite the negative consequences [1] . Drug-related cues, stress or negative mood are associated with craving [2] [3] [4] [5] . Several previous studies have shown the relevance of stress and hypothalamic-pituitary-adrenal (HPA) axis dysfunction in substance use disorders [6] [7] [8] [9] [10] [11] .
The first findings on the suppression of adrenocortical functions in opiate dependence were reported by Eisenman et al. [12, 13] in the 1950s and 1960s in Lexington, Ky., USA. They found reduced urinary levels of 17-ketosteroids [12] and reduced plasma levels of 17-hydroxycorticosteroids [13] during a period of addiction in men, in comparison to a phase of nonaddiction. Moreover, these levels increased upon discontinuation of morphine. After detoxification, these levels returned to the preaddiction range [12, 13] , indicating that stress hormone secretion was depressed during opioid addiction and elevated during withdrawal. Further research has shown that opioids administered during surgery suppress HPA axis activity [14, 15] . Furthermore, heroin-dependent subjects exhibited lower plasma levels of adrenocorticotropic hormone (ACTH) and cortisol when compared with healthy individuals [14, 16] , thus providing further evidence that HPA axis activity is suppressed during active opioid dependence. On the other hand, recent studies suggest that substance use disorders are associated with elevated cortisol levels and depressive symptoms [17] . The increased HPA axis activity might constitute a vulnerability to the development of substance use disorders and relapse, and this relationship seems to be influenced by stressful life experiences [18, 19] .
The altered HPA axis function in substance use disorders is related to early life stress [20, 21] . Patients reporting childhood trauma showed increased cortisol and decreased ACTH concentrations during withdrawal, which possibly reflect a persistent blunting of the HPA axis function as well as its hypersensitive reaction to acute stress in traumatized, alcohol-dependent patients [20] . Moreover, higher cortisol and ACTH plasma levels were found in abstinent heroin-and cocaine-dependent patients in comparison to healthy control subjects without a history of illicit drug use and childhood trauma [21] .
Opioid withdrawal is associated with increased stress hormone levels [22] . Research on opioid antagonists (e.g. naloxone) further supports this finding [23, 24] . However, elevated stress reactivity was also found in currently abstinent, formerly heroin-dependent individuals not under opioid maintenance, which could be related to heightened craving and relapse [25] [26] [27] . Opioid agonists, on the other hand, are associated with a reduction in stress hormone secretion [28, 29] . In preliminary studies, our group also found that opioids suppress cortisol concentrations in heroin-dependent patients and reduce craving after methadone administration [30, 31] .
Although previous findings have consistently shown that HPA axis function is modified in heroin dependence and that opioids suppress stress hormone release, there have been few experimental studies and these have generally focused on the effects of methadone [28, 29] . However, methadone maintenance treatment (MMT) is not the only treatment for severe heroin dependence, as heroin-assisted treatment (HAT), involving the prescription of pharmaceutical heroin (diacetylmorphine, DAM), medical attendance and psychosocial support, is also effective [32] . Chronic heroin-dependent patients who initially do not benefit sufficiently from MMT and abstinence-oriented (drug-free) treatments respond well to treatment with DAM and improve significantly in terms of mental and physical health and psychosocial functioning, mainly assessed as reduction in crime and concurrent use of illegal substances [33] [34] [35] [36] [37] [38] [39] .
The present randomized controlled trial examined HPA axis function in opioid dependence after DAM administration. Our aim was to investigate the acute effects of DAM on HPA axis activity, subjective craving and withdrawal symptoms in chronic heroin-dependent patients. We hypothesized that DAM would suppress ACTH and cortisol concentrations and heroin craving, in contrast to the increases in these parameters observed during withdrawal.
Materials and Methods

Study Sample
Twenty-eight patients (67.9% men, n = 19) were recruited from patients at the Division of Substance Use Disorders of the Psychiatric Hospital of the University of Basel. They were aged 23-58 years (mean age 41.3 years, SD 6.6), met the DSM-IV diagnostic criteria for opioid dependence and had been in HAT for a mean period of 6.7 years (SD 4.5). Exclusion criteria included a positive breath alcohol test and a history of significant medical problems or major mental disorders (other than substance use and personality disorders). All patients received written information on the examination protocol and gave their written consent. The study was approved by the local ethics committee.
Procedure
The present study is a part of a randomized controlled clinical trial. It has been registered on the website http://clinicaltrials.gov (ID NCT01174927). All patients were submitted to both conditions in a crossover design. The sequence of the injected substances [DAM and saline (NaCl) as placebo] was randomized. One group (n = 14) first received their daily dose of DAM before the beginning of the experiment, whereas the second group (n = 14) first received placebo (NaCl). The patients were blinded to the substance. DAM was provided by the Swiss Federal Office of Public Health in the form of the hydrochloride salt. This was dissolved in water (1: 9) on site and aspirated into a syringe, which was adapted to the evacuated infusion system. Patients of the second group were given their daily dose of DAM immediately after the experiment. The test period lasted approximately 2.5 h, including stressful stimuli during a functional magnetic resonance imaging (fMRI) examination. One week later, the patients completed the alternative treatment, with the opposite sequence of substance injections. Both sessions were performed in the morning.
Biochemical Measurements
ACTH and cortisol were taken as measures of the stress response. Samples were collected at baseline (at least 1 h after awakening, 7.30 a.m.) and 20 min (9.00 a.m.) and 60 min after substance administration (10.30 a.m.). Salivary cortisol was analyzed with a time-resolved immunoassay with fluorescence detection, as described elsewhere [30] . Total cortisol concentrations were measured in serum with the Immulite 2000 cortisol test (Siemens, Germany). ACTH was measured in EDTA plasma with the ACTH Immulite test (Siemens). Interassay and intra-assay coefficients of variance were below 10% for all analyses.
Psychological Measurements
Psychological data were collected at the beginning and the end of the experiment. The Heroin Craving Questionnaire (HCQ) [40] was used to measure heroin craving. A reliability of ␣ = 0.94 was calculated. The corresponding scale contains 9 items and measures the desire to use heroin.
In order to detect possible placebo effects, 3 min after the substance administration the patients were asked which substance they believed they had received, i.e. DAM or placebo. Additionally, both subjective drug effects and withdrawal symptoms were measured using a visual analogue scale (0 = none, 10 = very strong).
Statistical Analyses
For each of the outcome variables (plasma ACTH, serum cortisol, salivary cortisol concentrations), a two-factorial repeatedmeasures analysis of variance (ANOVA) was calculated, with two within-subject substances (DAM/placebo) and the between-subjects group membership (sequence of the administered substances). Cocaine use was included in the analyses as a covariate. In order to take the large range of individual baseline hormone levels into account, ANOVAs were carried out with the differences between the baseline and post-trial measurements (i.e. before and 60 min after substance injection). To evaluate the stress hormone changes across the 3 measurement points under both conditions (baseline and 20 and 60 min after substance injection), pairwise contrasts of the hormone levels were calculated. For the non-normally distributed variables, a nonparametric analysis (Friedman's ANOVA with Wilcoxon signed-rank post hoc tests) was calculated. The Bonferroni correction was used to correct for the ␣ -error accumulation.
Psychometric data (HCQ scores and subjective rating of drug effects and withdrawal symptoms) were analyzed with the t test and, where appropriate, with a nonparametric test (Wilcoxon signed-rank test) for dependent samples.
All analyses were computed with the statistical program SPSS 19.0. Graphs were created with SigmaPlot 11.0. The two-tailed significance level was set to p ! 0.05.
Results
Demographic and Clinical Variables
As shown in table 1 , 8 patients (28.6%) tested positive for cannabis and 15 patients (53.6%) for cocaine at one or both measurements. No significant differences were observed between the two groups in terms of diagnostic and sociodemographic variables (p 1 0.05). Table 1 gives an overview of the characteristics of our patient sample.
Drug Effects, Withdrawal Symptoms and Heroin Craving
As expected, significantly more drug effects and fewer withdrawal symptoms were reported after injection of DAM than with placebo (p ! 0.0001). Only one placebo effect was observed, as one patient rated NaCl as DAM.
No significant differences between HCQ scores at baseline (i.e. before any substance administration) were found (p 1 0.05). Before and after placebo injection, HCQ scores did not differ significantly either (p 1 0.05). However, after DAM administration, craving dropped significantly over time (t = 5.19, degrees of freedom = 27; p ! 0.0001). Compared with placebo, significantly lower craving was reported at the end of the sequence when patients received DAM (t = -5.63, degrees of freedom = 27; p ! 0.0001) ( fig. 1 ) .
At the end of the experiment (i.e. 60 min after substance injection), HCQ scores were significantly associated with changes in ACTH secretion. As expected, major heroin craving was positively related with increased The pairwise comparisons of the hormone levels showed significant reductions in plasma ACTH, serum cortisol and saliva cortisol concentrations over time after DAM administration (p ! 0.0001). After placebo administration, only plasma ACTH increased significantly, between 20 and 60 min after the injection (p ! 0.01). Cortisol levels did not increase significantly after placebo injection (p 1 0.05). No significant differences between the baseline hormone levels were found (p 1 0.05) ( fig. 2-4 ) .
Discussion
The present study examined the acute effects of DAM (pharmaceutical heroin) on HPA axis function and heroin craving in a controlled experimental setting. There were significant decreases in ACTH and cortisol concentrations and in HCQ scores with DAM in comparison to placebo, demonstrating that DAM suppressed HPA axis activity and reduced heroin craving in chronic heroindependent, DAM-maintained patients.
The suppressive effect of opioids in general [12] [13] [14] [15] [16] and of methadone in particular [25, 30] on stress hormone secretion and subjective craving has already been shown. Our recent uncontrolled study also found reduced cortisol concentrations in heroin-dependent patients after they had received DAM [31] . This has now been confirmed for the first time in a randomized, controlled, crossover study. There was no significant interaction between the injected substance and concurrent cocaine use or the sequence of administration, indicating that the suppression of the HPA axis is solely due to DAM administration, there is no significant carryover effect and cocaine abuse is irrelevant [41] . Our results thus confirm the attenuating effect of acute opioid administration on the HPA axis response. Further studies should investigate whether maintenance treatment with DAM also normalizes diurnal stress hormone secretion in opioiddependent patients.
In previous studies, opioid withdrawal was associated with increased stress hormone secretion [22] [23] [24] . However, in contrast to the highly significant continuous decline in the hormone concentrations after DAM administration, the increase in the hormone levels after placebo in our study was slight or nonsignificant. Only ACTH levels increased significantly between 20 and 60 min after placebo injection, but the main time effect was nonsignificant as well. Hence, our findings do not support the idea that opioid withdrawal is associated with activation of the HPA axis. These results can possibly be explained by the patients' long-standing heroin-assisted treatment (HAT). Moreover, patients in both groups knew that they would receive their daily DAM dose at the end of the experiment at the latest. Although they reported withdrawal symptoms, they may not have experienced intense somatic withdrawal. Wisniewski et al. [17] found elevated basal cortisol levels in active drug users, which might reflect withdrawal symptoms during the study as well as the combination of heroin and cocaine commonly used by illicit drug users. Therefore, in our study the regularity of DAM administration and its availability, as well as other psychological factors associated with the HAT, including psychosocial support, may have been relevant factors influencing the patients' stress response, resulting in relative stability of stress hormone secretion during the experiment, even in the placebo condition. The association between opioid withdrawal and HPA axis activity in heroin-dependent patients should next be examined by including heroin-dependent individuals without opioid maintenance treatment.
The significant correlation between the craving scores and the changes in ACTH levels at the end of the experiment showed the relationship between the patients' subjective feeling and their endocrine response, suggesting that the greater the subjective withdrawal, the higher the stress hormone concentrations and vice versa. However, this relationship does not allow the conclusion that changes in the HPA response have a significant impact on the subjective experience of craving. Nevertheless, based on the consistent previous findings that opioid withdrawal is associated with increased stress hormone release [22] [23] [24] , the elevated ACTH levels might be a possible explanation for the higher subjective craving scores.
The advantages of the present study are its randomized, controlled, crossover design and the adequate sample size, which allowed for the control of confounding variables and sequence effects. On the other hand, the stressful stimuli presented in the fMRI session were not a valid stress test (such as the Trier Social Stress Test [42] ). However, performance tasks which could be unfavorably evaluated by others, as used here, constitute psychological stress, and the relevance of such tasks to increased cortisol and ACTH responses has already been shown [43] . Most notably, fMRI scanning has been demonstrated to be a stressful experience associated with elevated cortisol concentrations in healthy persons and depressive patients [44] [45] [46] . In substance use disorders, psychosocial stress is generally considered to be a predictive factor for relapse [19, 47, 48] .
Several previous studies have established positive effects of DAM maintenance in heroin dependence in patients for whom MMT or abstinence-orientated (drugfree) therapy had been unsuccessful [32, 33, [35] [36] [37] [38] [39] . Despite the above-mentioned limitations, the present study supports the efficacy of HAT and provides potential evidence for clinical implications. MMT-resistant patients who seem to react strongly to stress may possibly profit in particular from DAM maintenance. Short-acting opioids (e.g. heroin) seem to lessen the heightened stress reactivity and desire for heroin, as observed in former heroin users without opioid maintenance treatment [25] [26] [27] , and might thereby prevent relapse with its serious consequences. However, based on the intravenous administration of DAM, there is a greater risk of negative side effects in HAT (respiratory depression, epileptic seizure) [36, 38, 49] . Under medical supervision and with an adequate waiting period after DAM injection, such incidents can be avoided, so that the safety and efficacy of the treatment remain assured. In addition to the injectable form, oral administration as a tablet is possible [50] .
HAT is an established treatment form for severe opioid dependence in Switzerland and the Netherlands [32] . For those chronic heroin-dependent patients who initially do not profit from other treatments, it is an effective alternative treatment and complements the therapeutic spectrum for opioid dependence [51] . Moreover, recent research has indicated the efficacy of HAT even in heroin-dependent patients with no previous maintenance experience [52] . A better understanding of the acute effects of DAM (heroin) would therefore promote the optimization of the treatment for chronic opioid dependence.
